Isoprenoid biosynthesis in the widespread diatomaceous algae, Rhizosolenia setigera (Brightwell) and Haslea ostrearia (Simonsen), results not only in the production of diterpenoids, triterpenoids, and sterols but, unusually for diatoms, also in the production of sesterterpenoids. By using 13 C and 2 H isotopic labeling techniques followed by NMR and mass spectrometry, specific inhibition of mevalonate (MVA) and methylerythritol (MEP) pathways, and comparison with the natural 13 C͞ 12 C isotope ratios of the lipids, the different biosynthetic pathways of the sesterterpenes and other isoprenoids have now been determined. Surprisingly, whereas the sesterterpenes (⌬ 7(20) -haslenes) in R. setigera were made by the MVA pathway, as were the related triterpenoid rhizenes and desmosterol, in H. ostrearia the structurally similar ⌬ 6(17) -haslenes and the major sterol, 24-ethylcholest-5-en-3␤-ol, were instead biosynthesized by the MEP route. Phytol was biosynthesized in both diatoms by the MEP route. Subfractionation of R. setigera cells revealed that although phytol was located in the chloroplasts, the haslenes, rhizenes, and sterols were present in the cytoplasm. The observations described here for R. setigera and H. ostrearia show that terpenoid biosynthesis in diatoms is species-dependent and cannot simply be grouped according to structural type. Triterpenes appear to be made by the MVA route as in higher plants, whereas sesterterpenes and sterols can be made by either the MVA or MEP routes. In neither organism were the isoprenoids biosynthesized by leucine metabolism. Sesterterpene and triterpene biosynthesis in diatoms has not been investigated previously.
A lthough all isoprenoids are biosynthesized from isopentenyl diphosphate (IDP), IDP itself can be produced by several different routes. In addition to the mevalonate (MVA) route, a MVA-independent pathway has been described, yielding IDP from pyruvate and glyceraldehyde 3-phosphate, with 1-deoxy-D-xylulose 5-phosphate and 2-C-methyl-D-erythritol 4-phosphate (MEP) identified as intermediates (1) . In addition, IDP in some parasitic protozoa appears to be biosynthesized both by the MVA route and by direct incorporation of leucine (2) . Many authors have studied the distribution of the MVA and MEP pathways within a large number of organisms by incorporation of 13 C-or 2 H-labeled precursors (for reviews see refs. 1, 3, and 4), by use of highly specific inhibitors of the MVA and MEP pathways (5, 6) , or by measuring the distribution of the genes of both pathways (7, 8) . Jux and coworkers (9) demonstrated that natural 13 C͞ 12 C isotope ratios of individual lipids could also be used to distinguish between the pathways. Based on these four approaches, it has been established that archaea, certain bacteria, yeasts, fungi, and some protozoa and animals use only the MVA pathway, whereas many bacteria, green algae, and some protists rely on the MEP pathway (10) . Some algae, some streptomycetes, mosses, and liverworts, two marine diatoms, and higher plants appear to use both routes. Recent findings (4, 11, 12) have shown that the MVA pathway is implicated in cytosolic sterol biosynthesis, whereas the MEP pathway appears to be involved in the formation of plastidic isoprenoids such as phytol and the carotenoids. However, compartmental separation of the two biosynthetic pathways is not absolute (4, 12, 13) and the biosynthesis of some isoprenoid classes such as C 25 sesterterpenes has received virtually no attention. Some diatoms are important producers of sesterterpenes and other isoprenoids (14) and, because only two species of these important primary producers have been studied (11) , it seemed essential to determine the biosynthesis of isoprenoids in further diatom species.
In a recent study, Rowland et al. (15) reported that highly branched isoprenoid (HBI) sesterterpenes (haslenes) synthesized by the diatom Haslea ostrearia exhibited in vitro activity against lung cancer cells. A dramatic effect of the growth temperature on the biosynthesis of haslenes was also reported (15) , suggesting that these isoprenoids may have a significant biological function in diatoms. Pozzi et al. suggested that phosphate esters of acyclic isoprenoids, including haslenes, may be membrane lipids (16) , and Takajo and coworkers (17) showed that synthetic HBI phosphates formed stable vesicles. As yet, the location and biological function of HBIs in diatoms are not known. The potential medical applications, marine geochemical interests, and possible membrane functions prompted a study herein of two HBI-producing diatoms chosen to represent both planktonic (Rhizosolenia setigera) and benthic (H. ostrearia) species. In a first set of experiments, each species was grown in the presence of a specific inhibitor of each biosynthetic pathway (mevinolin and fosmidomycin for the MVA and MEP pathways, respectively). In a second set of experiments, the same species were grown in the presence of a variety of isotopically labeled precursors ( C]glucose), and the extent and nature of incorporation of these compounds into individual isoprenoids was investigated by using MS and NMR techniques. For both diatoms, the results of these experiments were used to interpret the differences in natural 13 
C͞

12
C isotope ratios of individual compounds obtained from the current and previous studies. R. setigera cells were also fractionated according to established procedures, and the individual terpenoid composition of the cellular fractions was investigated by GC-MS.
Experimental Procedures
Algal Cultures. R. setigera (strains RS 99 and RS 02͞A) was isolated in Spring 1999 and 2002 from surface waters at Le Croisic (France), and H. ostrearia was isolated from microphytobenthic communities in oyster ponds from the Bay of Bourgneuf (France) during Spring 1999. Small-and large-scale cultures were grown under standard conditions (Guillard's F͞2 medium) as described (18) . Cells were harvested by filtration at the end of each exponential growing phase. strated to be a specific inhibitor of 1-deoxy-D-xylulose-5-phosphate reductoisomerase, an enzyme involved in the MEP route (21). R. setigera and H. ostrearia were each grown in the presence of increasing concentrations of fosmidomycin and, in separate experiments, increasing concentrations of mevinolin, to investigate the effect on the nonsaponifiable lipid content of the cells and on the lipid distributions. Each species was grown in 50-ml culturing tubes containing 15 ml of F͞2 Guillard's medium under standard controlled conditions. Fosmidomycin (sodium salt) and mevinolin͞ lovastatin were purchased from Molecular Probes and from Calbiochem-Novabiochem, respectively. Concentrations of the inhibitors were based on those used in previous investigations (21, 22) . Cell counts and monitoring of the cultures, together with the extraction, purification and analysis of the HBIs by GC-MS, were performed as described (23) .
Isotopic Labeling. At least two alternative biosynthetic pathways exist for the formation of IDP, the common precursor of all isoprenoids. Acetate is directly incorporated into the MVA pathway after activation into acetyl-CoA but can enter into the MEP pathway only by way of the glyoxylate and tricarboxylic acid cycles (24, 25) . In contrast, CO 2 is efficiently incorporated into the MEP route (11) . Glucose, when metabolized, provides carbon to both pathways. Further, when [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glucose is used, the MVA and MEP pathways yield distinctive labeling patterns in IDP (3, 25 C incorporation were determined by MS. In their recent study of the biosynthesis of 2-methyl-3-buten-2-ol from pine needles, Zeidler and Lichtenthaler (27) estimated the degree of isotopic labeling in 2-methyl-3-buten-2-ol after incubation of the needles with labeled precursors by using a simple ratio of mass spectral peak intensities. However, in contrast to 2-methyl-3-buten-2-ol, the increased molecular masses together with the variable structures of the Ն C 20 terpenoids synthesized by the two diatoms studied here meant that such ratios would not provide accurate measures of the degree of labeling. Instead, 13 C or 2 H isotopic enrichment factors (IEF) were calculated for each compound according to Eq. 1,
where M, M ϩ 1, etc. are the values of the molecular ions for various isotopomers, I M is the intensity of the molecular ion, I M ϩ 1 is the intensity of the M ϩ 1 peak, I MϩX is the intensity of the highest mass ion (quantifiable), and n is the number of carbon atoms in the molecule. Comparison of isotopic enrichment factors from compounds obtained from cells cultured in the presence of isotopically labeled precursors with those obtained from control cultures thus revealed the extent of isotopic incorporation within individual compounds.
Monitoring of Stable Isotope Incorporation by NMR Spectroscopy.
13 C NMR spectra of individual compounds were recorded in CDCl 3 by using a Jeol EX 270 spectrometer equipped with a DELTA station. 13 C peak assignments of the individual terpenoids were made by comparison with published data (18, (28) (29) (30) (31) . To measure specific enhancements in 13 C, a carbon atom needed to be identified that should show no enrichment from 13 C-enriched acetate according to either the MVA pathway or the MEP route by way of the glyoxylate shunt. For example, incorporation of [1-13 C]acetate into IDP by the MVA and MEP routes results in labeling at C-1͞C-3 and C-4, respectively (32) , and so a carbon atom corresponding to C-2 was chosen as a reference. Having normalized the intensities of all remaining 13 C resonances to the reference carbon, relative 13 C enhancements for individual carbon atoms were calculated by comparison of 13 C peak intensities between 13 C-labeled and unlabeled material.
Results R. setigera. The structures and distributions of the nonsaponifiable lipids synthesized by the diatom R. setigera have been described (30, 33) . In brief, GC-MS analysis of the nonsaponifiable lipids of R. setigera (RS 99) showed the presence of n-C 21:6 (I), phytol (II), desmosterol (XI, cholesta-5,24-dien-3␤-ol), four C 30 HBI alkene isomers (VII-X), and up to three C 25 HBI alkene isomers (III-V) ( Fig. 1) , depending on the culture analyzed. For the isoprenoidlocalization study, phytol and small amounts of n-C 21:6 were observed in the chloroplast-enriched fraction, whereas depleted amounts of the other isoprenoids were detected. In contrast, in the free lipid-enriched fraction, phytol and n-C 21:6 were not detected, but large amounts of HBIs and desmosterol were observed ( Table 1) .
The growth of R. setigera was dramatically inhibited by increasing concentrations of mevinolin (Table 2 and Fig. 2 ). The concomitant inhibition of C 25 and C 30 HBI biosynthesis, together with that of desmosterol, indicates that the involvement of the MVA pathway is essential for the biosynthesis of these compounds in R. setigera. In contrast, fosmidomycin did not reduce the C 25 or C 30 HBI alkene or sterol content of the cells, even though cell growth was slightly inhibited at the highest concentrations used (75-100 g⅐ml
Ϫ1
). For both sets of inhibition experiments, the concentrations of phytol were too low (Ͻ2% of the nonsaponifiable lipids) to be quantified satisfactorily.
When R. setigera (strain RS 99) was cultured in the presence of 13 CO 2 (20% 13 C) and unlabeled sodium acetate, MS analysis of the nonsaponifiable lipids ( Table 3 ), showed that 13 C was incorporated into phytol, all of the C 25 and C 30 HBI isomers (III-V and VII-X), and desmosterol (XI). In contrast, phytol was not labeled when the cells were cultured in the presence of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate, but a significant incorporation of 13 C was detected for all of the HBIs and desmosterol. When a different strain of R. setigera (RS 02͞A) was used, which produced the C 25 pentaene VI as the only HBI, incorporation of 13 C from [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate was again observed (Table  3) (Table 4) . In both cases, the 13 C-enriched carbon atoms corresponded to C-1 and C-3 of the (six) IDP precursors from which these C 30 HBIs are biosynthesized (Fig.  3) . The 13 C NMR spectrum of the most abundant C 25 HBI (III) revealed that 13 C signals corresponding to C-2, C-4, C-6, C-8, C-10, C-12, C-14, C-20, C-22, and C-24 were enhanced in 13 C (Table 5) in excellent agreement with the observations made for the pseudohomologous C 30 HBIs. In a further experiment with strain RS 02͞A and [2- Fig. 1 and Table 4 ) equivalent to C-1 and C-3 of IDP.
H. ostrearia. A description of the distributions of the major nonsaponifiable lipids synthesized by the diatom H. ostrearia has been published (see, e.g., refs. 18 and 23), but the structures are summarized in Fig. 4 . These lipids exhibit differences from those of R. setigera. For example, the dominant sterol in H. ostrearia is 24-ethylcholest-5-en-3␤-ol (XXI; ref. 34) , whereas, in terms of HBIs, H. ostrearia produces C 25 HBI alkenes only, often as mixtures of isomers (XII-XX). These alkenes are regioisomeric with the C 25 HBIs found in R. setigera, with the exception of C 25:5 (VI), which has been identified in both species (23, 31) . In further contrast to HBIs found in R. setigera, the double bonds in HBIs from H. ostrearia are biosynthesized with E stereochemistry only.
When H. ostrearia was cultured in the presence of mevinolin at concentrations equivalent to those used for R. setigera (namely, Յ1 g⅐ml Ϫ1 ), neither the cell growth nor the nonsaponifiable lipid concentrations were affected. At much higher concentrations of inhibitor (10 and 20 g⅐ml Ϫ1 ), cell growth was diminished (by 41% and 72%, respectively), but total concentrations of the C 25 HBIs and sterols were unchanged. In contrast, fosmidomycin did not inhibit cell growth even at high concentrations of the inhibitor, but concentrations of phytol, 24-ethylcholest-5-en-3␤-ol, and the C 25 HBIs were dramatically reduced, although their relative distributions were essentially invariant (Table 6 and Fig. 5) .
When H. ostrearia was cultured in the presence of 13 CO 2 and unlabeled sodium acetate, 13 C was efficiently incorporated within phytol, all the C 25 HBI isomers, and 24-ethylcholest-5-en-3␤-ol (average isotopic enrichment factor, 6.5% Ϯ 0.6%). In contrast, phytol was not labeled when the cells were cultured in the presence 13 C from the labeled acetates was presumed to be due to the partial catabolism of the acetate into 13 CO 2 before incorporation (11). This presumption was subsequently verified by 13 C NMR analysis of the C 25 trienes XIV and XV, which showed that the average enhancement [relative to the reference carbon (C-23)] of C-1 and C-3 from IDP was 1.06 Ϯ 0.2, whereas that for C-2, C-4, and C-5 was 1.00 Ϯ 0.12, confirming that the small incorporation determined by MS was nonspecific. 
Discussion
From both pathway-specific inhibition and isotopic labeling experiments, it now seems clear that both MEP and MVA pathways are in operation for the biosynthesis of terpenoids in the diatom R. setigera. Although concentrations of phytol were too low for satisfactory quantification for inhibition experiments, both small-and Entries correspond to relative enhancements in peak intensities compared with the unlabeled compound. Carbon atoms that should be labeled according to the MVA pathway are indicated in bold. † Reference carbon corresponding to C-2 of IDP, unlabeled by either the MVA or MEP pathway.
large-scale labeling experiments revealed that this compound was not labeled when [1- (11) with the diatom Phaeodactylum tricornutum, glucose was not used for the biosynthesis of isoprenoids in R. setigera.
In contrast to phytol, we have found clear evidence for the involvement of the MVA pathway in the biosynthesis of other terpenes in R. setigera, including sesterterpenes. Thus, very low concentrations of mevinolin (Ͻ1 g⅐ml
Ϫ1
) were required to reduce the cell concentrations of desmosterol, whereas from isotopic labeling experiments, [1-13 C]acetate was directly incorporated within this sterol, resulting in a site-specific labeling pattern as determined by 13 C NMR spectroscopy. No incorporation of [1,1,1,4-2 H 4 ]deoxyxylulose into desmosterol was observed in either of the two R. setigera strains studied. C 27 to C 29 sterols are common in diatoms, and Cvejić and Rohmer (11) showed that intact acetate was incorporated into C 27 and C 28 sterols from P. tricornutum and Nitzschia ovalis. Thus, the sterols in P. tricornutum, N. ovalis, and two strains of R. setigera are all synthesized via the MVA pathway. Our inhibition and labeling studies also revealed the formation of C 25 and C 30 HBIs in both strains of R. setigera by the MVA route. Mevinolin efficiently inhibited the formation of these compounds, and, from labeling experiments, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate was incorporated within these molecules according to the expected labeling patterns resulting from the MVA route. These isotopic incorporation effects were independent of the specific strain of R. setigera used, despite significant variations in the isomeric forms of the HBIs produced.
Observations from the fractionation of R. setigera cells revealed that phytol was located in the chloroplasts, whereas sterols and HBIs were present in the cytoplasm. Numerous studies performed on the formation of mono-, di-, sester-, tri-, and tetraterpenes in plants have shown that an apparent division exists for the biosynthesis of these compounds in higher plants (4) . Thus, the MVA pathway is located in the cytoplasm contributing to the biosynthesis of sesquiterpenes and triterpenes, whereas the MEP pathway is located in the plastids and accounts for the biosynthesis of mono-, di-, sester-, tri-and tetraterpenes. The observations described here for diatomaceous algae are consistent with these previous findings from higher plants and extend our knowledge of the biosynthesis of sester-and triterpenes in microscopic plants. Thus, although phytol in the chloroplast is made exclusively by the MEP pathway, C 25 and C 30 HBIs, along with desmosterol, are found in the free lipid fraction (cytoplasm) and are made from the MVA pathway. Our data also aid the interpretation of previous studies of natural isotope patterns in diatom isoprenoids. This finding is important because the latter studies involve no perturbation of isoprenoid biosynthesis by addition of labeled substrates. Hence, the results are complementary to the labeling and inhibition studies described above. For instance, we and others (33, 35) have shown that the natural 13 
C͞
12
C isotopic ratios (so-called ␦
13
C values) of C 25 and C 30 HBIs and desmosterol in two different strains of R. setigera were 2.5-4.5‰ depleted in 13 C compared with phytol. Jux et al. (9) showed that in higher plants such differences are due to the biosynthesis of isoprenoids by the MVA and MEP routes. From the results of the current labeling and inhibition experiments for two strains of R. setigera (Tables 2-5) , it is clear that the differences in ␦
C values observed previously do indeed reflect the difference between MVA-derived isoprenoids (C 25 and C 30 HBIs and desmosterol) and MEP-derived lipids (phytol).
In contrast to the findings for R. setigera, a parallel investigation into the biosynthesis of terpenoids in H. ostrearia supports the hypothesis that the MVA pathway does not contribute significantly to the biosynthesis of many of the nonsaponifiable lipids in this species under the conditions investigated. Instead, these compounds appear to be made predominantly by the MEP route. Similar conclusions were made by Schwender and coworkers (32) for the green alga Scenedesmus obliquus. These workers, among others (1), also provided evidence for the operation of the glyoxylate shunt or the involvement of acetate in the MEP pathway, but no such contribution was found for the diatom H. ostrearia described here.
Although high (10-20 g⅐ml
Ϫ1
) mevinolin concentrations did inhibit cell growth, this inhibitor was found to have no effect on the cell isoprenoid concentrations, whereas fosmidomycin dramatically inhibited their synthesis, even in the presence of acetate. From labeling experiments, no 2 H was incorporated in these terpenoids when the cells were cultured in the presence of [ 2 H 3 ]acetate and an unselective incorporation of 13 C from [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate was established by 13 C NMR spectroscopy. This result confirmed that acetate was not incorporated directly into these isoprenoids and that the small 13 C enrichment detected in these compounds arose from in situ degradation of the labeled substrates (11) . When the cells were cultured in the presence of 13 CO 2 , 13 C was efficiently incorporated into all of the isoprenoids investigated.
Part of our reasoning behind the identification of the MEP route as the major biosynthetic route for isoprenoid lipids in H. ostrearia is the absence of any specific incorporation of 13 C from [1- Arguably, this absence may partly reflect an inability for H. ostrearia to undergo mixotrophic or heterotrophic growth, rather than a complete lack of involvement of the MVA route. Indeed, cell growth was inhibited at high concentrations of mevinolin, so it would appear that the MVA pathway is partly in operation in H. ostrearia, even if its contribution is relatively minor to the compounds studied. It is also plausible that an additional compensatory involvement of the MEP pathway occurs when the MVA route is inhibited (26) . However, the natural isotope ratios (␦ 13 C) of the isoprenoid lipids of H. ostrearia were also consistent with a major involvement of the MEP rather than MVA route. Thus, the mean differences between the ␦ 13 C values of phytol and the C 25 HBIs were much smaller than for R. setigera (see above). For example, for replicate analyses of three separate cultures of H. ostrearia, the mean difference in ␦
13
C values between phytol and the C 25 HBIs was Ϫ0.5 Ϯ 1.3‰ (n ϭ 13). Because the ␦
C values for the C 25 HBIs and phytol are within experimental error of each other, these findings are entirely consistent with the proposal that these compounds are biosynthesized by the same MEP route in H. ostrearia.
Research is needed to obtain further natural isotope (␦
C) values of phytol, HBIs, and sterols of H. ostrearia under more perturbed or stressed conditions. Such studies should establish in H. ostrearia to what extent (if any) the MVA route functions and, if so, whether any ''cross-talk'' occurs between the two mechanisms.
